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CHAPTER ONE: INTRODUCTION 
The use of alkali and alkaline earth metals as reducing 
agents in liquid ammonia solvent for aromatic and conjugated 
systems has been investigated by chemists at least since the 
early 1900's, e~g., Lebeau and Picon (1). By subsequent 
addition of a proton source, the system yielded the first 
successful partial reduction of a monobenzenoid system, as 
reported by Wooster and Godfrey (2), in 1937. As a result 
of that success a patent was issued to \'looster for the 
process (3). Little additional work was reported until 
Birch and his co-workers picked up the investigation in the 
early 1940's. It was through his vigorous study and develop-
ment of this reduction system that Birch's name came to be 
associated with reductions of organic compounds by alkali 
metals in liquid ammonia, hence, the Birch reduction. 
There have been two variations for the course of reduc-
tion proposed by Birch (4,6,7) and later studied in detail 
by Kuehne and Lambert (5). Both mechanisms involve addition 
of a single electron to give a radical-anion (I, Figure 1). 
This addition is followed either by (a) addition of a second 
electron to give a dianion (II) which may then add two pro-
tons (either stepwise or concurrently) to give the dihydro-
product, III; or, (b) addition of a proton to form a radical, 
IV. This radical, in turn, has two possible paths open to 
it. First, it may add a second electron, followed by 
1 
== 
2 
protonation to g1ve the dihydr o compound, III. Alternatively, 
the r adical may combine wit h a second radi cal t o give t he 
hydro-dimer, V. These possibiliti es ar e summar ized in !,ig~~ 
lA and lB, below. Figure }.B indicates t he possible rout es 
to dimerization f r om r adical -anion I . 
A A --~ A- - A2·- 2H+ AH ~ __ e._ __ ). · ---------+ 2 
(I) (a) (II) ~+~( III) 
H+~b) H+~ y ,. 
AH e- ~ AH-
(IV) 
B 
Figure 1 
Path (c) of Figure lB indicates the opportunity for 
reductive dimerization to occur directly via the original 
radical-anion, I, rather than through dimerization of the 
radical, IV. Polycyclic aromatic compounds probably are 
reduced to AH2 by path (a), as dianions have been reported 
for compounds such as napthalene (10). 
Reduction of benzene gives 1,4-dihydrobenzene (2), as 
shown in Figure 2A. Similarly, 1,4-dihydrobenzoic acid has 
been shown to be the principal product for partial reduction 
of benzoic acid ( L~). Compounds such as toluene, 1.vhich have 
electron-donating substituents, give primarily the 2,5-
dihydro derivatives (6). 
3 
Figures 2 and 2. show possible mechanisms for the partial 
reductions of benzoic acid and toluene, respectively. ~jgure 
2 illustrates the possibilities investigated by Keuhne and 
Lambert v1ho found no evidence to favor path (a) over path 
(b), or vice-versa. 
It is interesting that the methyl group of toluene 
serves as a destabilizing influence for addition of an elec-
tron to the ring, while the carboxylate anion from benzoic 
acid seems to behave in the opposite fashion, its negative 
charge not1t:ithstanding. It v1as found, in fact, by Krapcho 
and Bothner-By, that toluene was reduced more slowly than 
benzene, while benzoic acid was reduced much more rapidly 
than benzene (31). 
It is also possible for each of the reductions so far 
mentioned (benzene, napthalene, benzoic acid, toluene) to 
continue beyond the dihydro derivatives to the tetrahydro 
analogs, although stronger conditions are generally neces-
sary for total reduction to the corresponding cyclohexanes 
(e.g., Birch 4,6,7). 
There are several useful reviews of the Birch reduc-
tion available which cover the types of compounds which have 
been studied, products obtained, and suggested mechanisms 
(4,8,9,10,11). 
Reductive dimerization under Birch conditions occurs 
Q p;_. 0 Na :Nl{ 3 ,_ R OK__ __ > I ---~ 
;;; H l 
;;; 
ii 
" 
e 
.. • 0 0 
B, 0 + e- Q <E-~ 0 ~ Q ~-?1 etc. ..... (VI ) ... e-o~c'o8 c c c cf 'o6 -'/'- e e o/ 'o e o D 
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(IX-B) 
(X) 
AH ~ H 
(XI) 
~3 
H~tll 
H 
(XIII) 
also (9,10,12,13,14). In 1934, Wooster and Ryan (12) found 
that 1, l-·dipheny1ethylene, XIV (Q'~e 4), would undergo 
reductive dimerization to give l,l,4,4-tetraphenylbutane 1 
6 
XVII. This system had been investigated previously by Ziegler, 
Colonius, and Schafer (13), who had reported no dimerization. 
They had employed a molar excess of sodium over the diphenyl-
ethylene of about 35:1. \'iooster and Ryan, on the other hand, 
obtained 10-30% yields of the bydro-dimer by using an 8:1 
(approximately) molar excess of sodium. Gilman and Bailie (14) 
obtained 17% yield of 1,1,4,4-tetraphenylbutane by following 
the methods of Wooster and Ryan. Figure 4 summarizes the 
process and includes the yields found by Gilman and Bailie. 
(Ph)2C=CH2 
(XIV) 
Nal 
Na 
(Ph)2-C-CH2 . 
(XV) 
Na 
(Dimerization) 
NA 
=>(Ph)2C-CH2 Na 
Figure 4 
(Ph)2CH-CH2-CH2-CH(Ph)2 
(XVII) 
17% 
> (Ph)2CH-CH3 
(XVI) 
67% 
The 1,1-diphenylethane, XVI, might arise either from the 
addition of a second electron to the radical adduct XV, or 
from the equivalent process of addition of two electrons 
directly to the starting material, with protonation during 
the work-up. The monosodium adduct, XV, presumably adds 
one more sodium rapidly, if availableo Thus, dimerization 
is favored by reducing the degree to which the metal is in 
excess over the substrate. 
Other examples of reductive dimerization have been 
reported (9,10). Addition of a single electron to multiple 
bond systems can lead to hydro-dimers such as the conversion 
of the imine, XVIII, to the diamine, XIX, as in Fi~ 2 (9). 
CH -CH=N-C H ~1- _9-lg_ohol 3 2 5 (NH3) (XVIII) 
Figure .2. 
Examinations o.f the recent literature, for example (15)-
(17), show several studies involving reductive dimerizations 
in Birch-analogous situations. Staples, Szwarc, and Jagur-
Grodzinsky (15) have studied the kinetics of the reductive 
dimerization of 1,1-diphenylethylene using electron transfer 
from sodium napthalenide in hexamethylphosphoramide (HMP) 
solvent to permit carrying out the reaction at more manageable 
temperatures and to support the dissociation of the alkali 
salts. Tetrahydrofuran (THF) was used as a co-solvent. 
Bowers and co-workers (16) have likewise studied reductive 
dimerizations of aliphatic and aromatic enones, using sodium 
8 
in HMP and THF. Smith and Ho (17) have carried out reactions 
involving formation of hydro- dimers from Schiff bases of the 
type Ar-CH=N-Ph. They used solutions of the base and sodium 
metal in THF and diethyl ether. Harris, et al, (18) obtained 
several different hydro-dimers using napthalene and sodium in 
amine solvents, generally di - n-propylamine. 
The current investigation, involving Birch reduction of 
cinnamic acid, has led to discovery of hydro-dimers among 
the reaction products. These have been previous ly reported 
as being formed in related reduction systems (19-24). 
In the course of their efforts to prepare certain hydro-
genated derivatives of chrysene; Henle· (19) and Oommen and 
Vogel (20) treated methyl cinnamate with moist aluminum 
amalgam, followed by alkaline hydrolysis of the diester 
product to give 3,4-diphenyladipic acid, XX, as illustrated 
in Figure 6, below. 
Ph-CH=CH-COOCH
3 
Al/Hg > hydrol. > 
Et20 
Figure 6 
Ph-CH-CH2-COOH 
Ph-6H-CH2-COOH 
(XX) 
+ 
Ph-CH2-cH2-COOH 
(XXI) 
For the hydro-dimer XX, Oommen and Vogel found two 
isomers: (3R, 48)-3,4-diphenylhexanedioic acid (meso-3,4-
diphenyladipic acid), mp 270-271°; and (3RS,4RS)-3,4-
diphenylhexanedioic acid (d,l-3,4-diphenyladipic acid), 
9 
mp 185- 186°. They succeeded in r esolving the racemi c mixture 
with brucine. Efforts to carr y out resolut ion of the higher 
melting product proved unsuccessful . They a s s i gned t he 
structur es shown in Figure 1· Oommen and Vogel a lso repor ted 
finding 30- 35% yields of 3- phenylpropanoic aci d (hydroci nnamic 
acid), XXI. For the hydro- dimers , t hey r eport yields of 22-
23% meso and 15- 16% d,l .. 
CH2-co2H I 
Ph-C-H 
Ph-6-H 
I 
CH2-co2H 
(Meso) 
mp 270° (19) 
270-271° . (20) 
Figure 1 
(Racemate) 0 
mp 169- 170 (19) 
185- 186° (20) 
Synthesis of the methyl-3,4-diphenyladipates and subse-
quent hydrolysis to the free acids was also carried out by 
Wilds and Sutton (21) who obtained yields of 20-25% for the 
racemic methyl adipate and 23-24% for the meso ester using 
an aluminum amalgam to reduce methylcinnamate. Wilds and 
Sutton also report 31% yield of methyl hydrocinnamate. Like 
Oommen and Vogel, Wilds and Sutton report virtually quantita-
tive yields of the free acids following hydrolysis. 
In 1955, Ono (22a) produced the meso diphenyladipic acid 
using poiarographic techniques. As a mechanism, he suggests 
10 
a radica l int ermediate , with subsequent dimeri zation, a s 
shovm in Fi gure 8. Ono report s t hat the acidi c hydro- dimer 
showed little or no mel t ing point depres s ion wit h a known 
sample of that compound. He adds t hat certain of the polaro-
graphic waves suggested to some of his co- worker s t hat a 
r adical-dianion intermedi ate (XXIII) for t he r eact ion mi ght 
be involved. 
> 
j 
II ca. • -• CH -CH-CO ~ ~ 0 
(XXIII) 
C> -CH- c.H ··-c.o 0 z z 
(XXII) 
~i~;~ization 
~ -
/cot;» 
C.HJ... ~ t~N 
HC 
I 
CH2. 
I 
cozH 
(XX) . 
The radical-dianion should then add a proton and become 
XXII, or it may undergo dimerization directly, and then add 
a quartet of protons. Interestingly, Ono reports only the 
meso hydro-dimer; he makes no mention of the racemic form, 
although in an earlier study (22b) he had found both the 
racemic and meso di-acids, as well as bydrocinnamic acid, 
when he carried out the electrolytic reduction of cinnamic 
acid using various metal cathodes. 
11 
In 1949, Fierz-David, Blangey, and Uhlig (23) synthe-
sized the diphenyladipic acids by electrolytic reduction of 
ci1mamic acid, using a mercury cathode. While Fierz-David, 
Blangey, and Uhlig do not report melting points for the two 
diastereomeric hydro-dimers, they do describe syntheses of 
several derivatives of the di--acids, including products of 
both ring substitution and side-chain substitution, as well 
as ring closure to the hexahydrochrysene derivatives. 
In this thesis, the Birch reduction of cinnamic acid is 
investigated. 
CHAPTER TWO: RESULTS AND DISCUSSION 
In the investigation of the Birch reduct ion of cinnamic 
acid, the or i gina l goal wa s to deter mine whether hydr ogen 
added to the ring or the side chain , and what product s would 
be obta ined. One expect ed product would be hydr ocirmamic 
acid, XXI, aris ing from hydr ogenation across the carbon- carbon 
double bond of the side chain. Hec ently, after much of the 
work of this thesis had been completed, Coat es and Shaw (2'+) 
and Sha1.-v and Knutson (25) reported using lithium in liquid 
ammonia to reduce cinnamic acid. Both papers report 6596 
yields of hydrocinnamic acid, but do not mention isolation 
or identification of any hydro-dimers. Shaw and Knutson, 
however, do mention that they found an unidentified white 
solid product when they recrystalized the reduction products. 
For their reduction scheme, Shaw and Knutson, like Coates 
and Shaw, . dissolved lithium metal in ammonia under an argon 
atmosphere, then added cinnamic acid in diethyl ether solu-
tion. This was followed by ammonium chloride as a proton 
source. Diethyl ether was then added to the system and the 
ammonia was evaporated. They then acidified the system with 
6N hydrochloric acid and extracted the whole with ether to 
obtain the hydrocinnamic acid product. 
In this thesis, certain major differences are noted from 
the method outlined above. First, no co-solvent was used. 
Second, absolute ethanol was employed as the proton source 
12 
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for the reduction. Ammonium chloride was added only after 
the reduction was complete to neutralize the strongly basic 
lithium ethoxide in the system$ Third, the work-up differed 
greatly from that of Shaw and Knutson in that all products 
were taken up in water, and that solution was then acidified 
with 10% (3.2N) hydrochloric acid. This method led to the 
identification of three distinct products: 3-phenylpropanoic 
acid (hydrocinnamic acid), XXI, from ether extraction of the 
acidified solution; (3R, Lt-S)-3,4-diphenylhexanedioic acid 
(meso-3,4-diphenyladipic acid); and (3RS, 4RS)-3,4-diphenyl-
hexanedioic acid (d,l-3,4-diphenyladipic acid). The adipic 
acids were both precipitated from the aqueous s0lution by 
acidification.. Precipitation of the two was not simultaneous. 
CH -CH- CO. H ,..co2 H r7'l( .Z Z Z CH, 
hydro-
cinnamic 
acid (XXI) 
~ ~i P) NHy~ 
Figure .2. 
+ V cH2-CO;,H 
3,4-diphenyl-
adipic acid 
(meso and d,l) 
(XX) 
The suggested mechanism for the reaction incorporates 
the radical-anion intermediate previously mentioned by Ono 
(22a), TLIII, Figure 8, page 10. This radical-anion may then 
dimerize directly, later gaining two protons to form the 
product. Alt ernativel y , i t mi ght fi r s t add a proton t o form 
the radical XXII of _figur e 2_, page 13. 'l1h:i.s l atter seems 
highly probable as protons from cinnamic acid and f r om the 
small amounts of water i n the ammonia are available for 
protonation of the str ongly basic r adical -anion XXIII. 
0 00 
Ph- OH- OR-002- ~ 
(XXIII) 
. ln+ 
Ph- OH-OH2- oo2-(XXII) 
Fi@lre 10 
;:.; iJ 
> Ph- OH--OH-002-
(XXIV) 
ln+ 
Ph- OH2-0H- Co2 -
(XXV) 
Radical XXII has two possibilities open to it. Addition of 
a second electron, followed by a proton, produces the hydro-
cinnamic acid product. Reductive dimerization with another 
radical unit leads to the diastereomeric diphenyladipic acids, 
XX. Figure 11, page 15, summarizes these mechanistic possi-
bilities. 
It is not suggested that the reaction can only proceed 
by way of the radical-anion XXIII. For example, XXIV (Figure 
10), which is an alternate resonance form of XXIII, might also 
participate directly in the reaction. Addition of a second 
electron to XXIV or XXV, .followed by protonation, would give 
hydrocinnamic acid, just as can occur with XXIII or XXII. 
However, if XXIV or XXV were to participate in the reductive 
dimerizations, the products should be the dibenzylsuccinic 
15 
acids, XXVI, Figure 12, page 16, or the 2-benzyl-·3-
phenylglutaric acids, XXVII, FigurCl 12, or a mixture of 
hydro-dimers, including some combination of the substituted 
glutaric, succinic, and adipic acids. Neither the glutaric 
nor the succinic acids were founde Addition to the ethylenic 
double bond of the cinnamic acid side chain by one of the 
radicals (XXII or XXV), or by the radical-anion (XXIII XXIV), 
is another possibility which has not been ruled out e \tfere 
such additions to occur, it seems likely that they, too, 
should lead to measurable quantities of the glutaric and/or 
succinic acid hydro-dimers. 
CI-t= CH-co£ 
0 
• f ~ -
0. CH- CH- COz I ~ e 
(XXIII) 
Figure 11 
16 
(XXVI) (XXVII) 
]fig-ure 12 
Based on the results of analyses of products, the nature 
of those products, and the constant presence in the reduction 
system of a proton source (carboxylic acid protons plus trace 
amounts of water), the most likely mechanism for t~e series of 
reductions herein reported appears to be that sho\m in Figure 
11, page 15. The various other possible routes are not ruled 
out, but the path of Figure 11 seems to fit better with the 
conditions and results of the current investigation than do 
the other possibilities. 
In addition to the products of side-chain reduction and 
reductive dimerization, there is also the likelihood of ring 
reduction. It is anticipated that the result of partial 
reduction of the aromatic ring \vould follovi a path . like that 
described earlier for toluene, giving the 2,5-dihydro deriva-
tive as product. Thus, reduction of hydrocinnamic acid's 
aromatic ring would give rise to 3-(2,5-dihydrophenyl)-
propanoic acid, shown in Figure 12· 
1'7 
11 a1 -·cu.-co-~ :z l 7.-
~ H~H 
H 
Partial ring reduction se ems to occur only after any 
reactions involving the side chain have been completed, the 
side chain double bond being apparently more vulnerable to 
the lithium-ammonia system.. Ring reduction may also occur 
after reductive dimerization, giving rise to either or both 
of: 3,4-di(2,5-dihydrophenyl)hexanedioic acid, XXIX, or 
3-phenyl·~ 4-(2, 5-dihydrophenyl)hexanedioic acid, XXX, both 
shown in Figure lL~, below. While evidence of ring reduction 
during certain of the reactions \•Jas found, it is not knovtn · 
which of the possible products were involved. 
Figure 14 
yo-2-H 
CHz (JJ I ~ 
o.H H Clf I 'cH ~ I CH H 1-1 I ~ 
CO,zH 
(XXX) 
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A. Techniques of Analysis .. 
By us1ng the NMR absorption spectra for pure samples 
of cinnamic acid and the reduction products, assignments of 
characteristic absorption frequencies were made as outlined 
below. For the spectra of the diphenyladipic acids were used 
the purest obtainable experimental samples. :For the hydro-
cinnarnic acid spectrum, a comrnerical preparation (J. T .. Baker) 
was used. The cinnarnic acid used was the same as that on 
which all reductions except the first were carried out. All 
analyses were based on spectra run in hexadeutero-dimethyl 
sulfoxide, although trifluoroacetic acid and deuterated chloro-
form were also tried. The DMSO-d6 proved to be the best general 
solvent for the product mixture, though some difficulties were 
encountered in keeping all material in solution. 
The spectrophotometer used was a Japan Electron Optics 
Lab (Jeol) model MHlOO. The spectra were run by Dr. c. A. 
Matuszak at the Jeol office in Burlingame, California. Because 
of the relative inaccessibility of the spectrophotometer, cer-
tain difficulties were experienced which could not be avoided. 
First, there was the problem of finding a solvent suitable 
for all materials without having some precipitate form during 
the time between preparation of the sample and running of the 
spectrum. For the most part, 6-8% solutions in DMSO-d6 were 
satisfactory, but occasionally some material precipitated 
before spectra could be run, and it was necessary to add more 
solvent. 
A second problem which occurred dealt with the operation 
19 
of the machine. On at l east one occasion, probl ems o:f phas e 
stabilization ·were enc ountered.. ~'ven s o, it was necessary 
to run the spectra 1.vhi le the machine was available , t hen t ake 
the phase problems into account as f ar as poss ible dur ing 
analysis of the spectra.. It is for this reason that particu-
l ar absorption frequencies are not completel y cons i stent from 
one spectrum to the next. 
In spite of these operationa l diff icult ies, the va lues 
found for percentage composition of the various r eduction 
products are accurate to within 3 or 4-%, based on analyses 
of artificially prepared mixtures . For example, for the 
first artificial mixture the "correct 11 values v1ere 38 . 5% 
hydrocinnamic and 61.3% cinnamic acid. The va lues calculated 
from NMR are 36.8% hydrocinnamic acid and 58.8% cinnamic acid, 
errors of 1.9% and 2.3%, respectively. No claims to such 
accuracy will be made for the actual reduction product analyses, 
which are generally less accurate. Instead, these results \vill 
be reported as approximate relative compositions, each being 
given as a range covering about five percent units above and 
below the calculated value, which, even so, may be optimistic 
in some cases. Despite this range of error, it is felt that 
these analyses give much useful information regarding the 
course of the Birch reduction of cinnamic acid. 
Most analyses involve use of both full-range ( b 0.00-
~ 10.80 ppm; sweep width, 1080 Hz) and 600 cps offset with 
270 Hz sweep width. The 600 cps offsets were used to obtain 
relative proportions of aromatic products, including unconverted 
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cinnamic ac i d, if present. Appearance i n t he full spectrum 
of peaks in the vinyl hydrogen range ( ~ 5o20 to ~ 5. 70 ppm) 
were observed in two cas es. These v.rere t aken a s arising 
from molecules in which the aromatic rings had under gone par-
tia l r eduction. 
In order to determine the relative amounts of hydro-
cinnamic acid, meso- and d,1 :....3 ,4-·diphenyladipic acids, and 
cinnamic acid, if present, a s well as the amount of r educed-
ring products, if any, the following assi gnments of charac-
teristic absorption frequencies were used. The spectrum 
descriptions that follow are bas ed on full-range spectra, 
run at 6-8% concentration in DMSO-d6 , unless otherwise noted, 
since that was the solvent used for the reaction product 
analyses. Because the solvent itself has a characteristic 
absorption in the -CH2- region ( .S 2.45-2.60 ppm), detailed 
descriptions are not possible in that area. Coupling constants 
are included where they are appropriate. 
1. Cinnamic Acid. The two vinyl hydrogens of the molecule 
appear as a pair of doublets (J = 16 cps) at &6.46 and 
b6.62 ppm, and ~7.56 and ~7.72 ppm, respectively, in 
DMSO-d6 • The same doublets in CDC13 are at }; 6.36 and 
~6.52 ppm, and ~7.73 and $7.89 ppm, respectively (J = 
16 cps). The doublet which is at ~6.46 and b6.62 ppm 
in DMSO \vas used for identification of cinnamic acid, 
and calculations of the percentage composition in reaction 
mixtures. The five aromatic hydrogens appear as a group 
of several peaks in the region S7.4-7.7 ppm, with the 
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strongest s ingle peak of the group at & 7 . L~6 ppm in DMSO. 
Spectra nwnbers 1 and 2 (APPEND17 A) show cinnamic acid 
in DMSO- d6 and CDC13 , respectivel y.. In the l atter spec-
trum, the aromat ic hydr ogen peaks are in the range ) 7.16-
7.68 ppm. 
2. Hydrocinnamic Acid. The five aromatic hydr ogens of 
hydrocinnamic acid ar e char act eri zed by a single, shar p 
3. 
peak at 5 7.24 ppm in DMSO, together with a cl uster of 
very small peaks at the base. Presence of DMSO solvent 
makes interpretation of the -CH2- region ineffecti ve, 
but examination of the spectrum (60Hz) of hydrocinnamic 
acid in trifluoroacetic acid (CF3COOH) shows a multiplet 
of the type A2B2 in the region b 2. 50- 3.18 ppm. The 100 Hz 
spectrum run in CDC1
3 
shO'lt/S this multiplet as two distorted 
triplets in the region 6 2.34-3.02 ppm. Dr-1SO itself 
absorbs in th~ range &2.45-2.60 ppm. Spectra numbers 
~,4, and 2 (APPENDIX A) show hydrocinnamic acid in DMSO-d6 , 
CDC13 , and CF3cooH, respectively. Spectrum~ contains a 
140 cps offset showing expansion of the -CH2- region, as 
well as the full spectrum. 
d,l-2,4-diphenyladipic Acid. The NMR absorption for the 
ten aromatic hydrogens is a complex multiplet spread over 
the region &6.58-7.60 ppm. Spaces in the multiplet per-
mit identification of the sharp, single-peak absorptions 
of hydrocinnamic acid and the meso hydro-dimer. Examina-
tion of the 600 cps offset (spectrum Z) shows a group of 
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four peaks at the down-field end of the aromatic ree;ion 
in the general range $6.60-7.00 ppm, which was found to 
represent about 39% of the total aromatic absorption for 
the racemate, and vias the only characteristic part of 
that compound's spectrum v1hich was not obscured by 
absorptions of other possible products. APPENDIX A con-
tains five spectra for this diastereomer (# 6- 10), includ-
ing one (#10) of the dimethyl ester. The 39% figure men-
tioned above is based on the 600 cps offset, 270Hz sweep 
width (spectrum# Z), taking the portion of the aromatic 
region from b6.92 to 7.08 ppm. Spectrum 8, 200 cps off-
set, is included, but was not used for calculations. 
Spectrum .2. was run on a sample of the racemate 'l.vhich had 
been recrystalized but was not purified by sublimation as 
the other samples used had been. Spectrum .2. shovTS the 
presence of water (about £4-.5 ppm) and what may be either 
hydrocinnamic acid or the meso di-acid, or both, at about 
b7.1 ppm. The methinyl region of the · racemic hydro-
dimer' s spectrum shovlS the t\vo hydrogens absorbing in the 
region J3.2-3.6 ppm. The four methylene hydrogens, with 
DMSO overlapping, are at & 2.5-3.0 ppm. 
4. ~-2,4--diphenyladipic Acid. The meso acid has a single 
sharp peak at the upfield end of the aromatic region. 
This peak will vary in position with solvent and sample 
composition, but is generally between &7.2 and 7.4 ppm. 
It represents the ten aromatic hydrogens of the t\'10 phenyl 
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groups, and. is always up:field from the sharp peak 
characteristic of hydrocinnamic acid's five aromatic 
hydrogens. The two methinyl hydrogens of the meso acid 
appear as a small group of peaks at b 3~1-3.3 ppm, and 
so overlap heavily with the methinyl absorption of the 
racemate. Like\..rise, the four methylene hydrogens of the 
meso hydro-dimer, in the range & 2.0-2o6 ppm, are com-
plicated not only by the racemate, but also by DMSO. 
See spectra 11-13, APPENDIX A. 
5. Ring ~eduction. In only two of the reduction product 
spectra was evidence found of significant amounts of 
reduced-ring products. In both cases this evidence con-
sisted of two isolated peaks in the region J 5.2-5. 7 ppm. 
The upfield peak in both spectra had approximately twice 
the rise of the integration curve of the other, thus it 
\'las believed that the larger peak represented the vinyl 
hydrogens on carbons #3 and #4 of the reduced ring, with 
the smaller peak representing the vinyl hydrogen on car-
bon #6. 
Examination of the individual spectra for the various 
product species provides characteristic regions of absorption 
for each compound. Following is a discussion of how these 
assignments were used to calculate approximate percentage com-
position, first for four artificially prepared mixtures, later 
for five actual reduction product samples. Following the 
presentation of the results of NMR analysis of the artificial 
mixtures is a discussion of the levels of confidence held for 
the methods and the assignments~ 
For those cases in which no absorption due to cinnarnic 
acid was found, analysis of the aromatic region of the spectra 
consisted of taking the individual integration measurements of 
the various species and comparing them with the total integra-
tion of the entire region. In the case of d, 1-3, L!--diphenyladipic 
acid, correction had to be made for the fact that the section of 
the spectrum assigned to that compound represents only 39% (as 
nearly as can be determined) of its total aromatic absorption, 
as previously noted. 
For those spectra in \·lhich cinnamic acid did appear, 
allowance had to be made for the presence of one of the vinyl 
hydrogens of cinnamic acid underneath the aromatic region. To 
correct for this, the integration height for the cinnamic acid 
doublet in the b6.0-6.6 ppm range was subtracted from the 
total integration of the aromatic region. Thus, taking "Ar" 
as representing the total integration of the aromatic region, 
and "C" as representing the integration of the doublet, then 
the actual aromatic integration height, corrected, is given 
by Equation 1. 
Corrected Aromatic Integration = Ar - C (1) 
The aromatic absorption due to cinnamic acid itself is 
given by "50", since there are five aromatic hydrogens on the 
cinnamic acid molecule and the doublet represented by "C" 
signifies only one of the two vinyl hydrogens on the side 
chain. The fraction of the total aromatic region which is 
due to cinnamic acid is therefore given by 
Fraction o:f Cinnamic Acid 
in Total Aromatic Product = 5C 
· Ar -- C 
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(2) 
Similarly, the proportions of the other aromatic com-
pounds may be found by dividing the integration for each of 
these compounds by the corrected integration for the total 
aromatic region. Hence, setting the meso hydro-dimer 
integration equal to "M", the hydrociru1amic acid integration 
equal to "H", and the racemic hydro·-dirner integration equal 
to "R", the f:t:>actions of the total aromatic absorption due 
to each product may be found as shown in Equations 3, 4, and 
5. 
Fraction of Hydrocinnamic Acid = H 
Ar - c 
Fraction of 
meso-3,4-diphenyladipic Acid = M 
Ar- c 
Fraction of 
d,l-3,4-diphenyladipic Acid = ~~~~R~--~ 
0.39(Ar - C) 
(3) 
(5) 
The constant, 0.39, in the denominator of Equation 5 is 
used to correct for the fact that the absorption in the region 
used represents only 39% of the total for that compound. · In 
those cases where no absorption was noted for the vinyl hydro-
gen of cinnamic acid, "C 11 is taken as equal to zero. 
In order to determine the degree of ring reduction, the 
total rise of the integration curve for the region h 5.2-5. 7 ppm 
was taken to represent the three vinyl hydrogens of the par-
tially reduced rings. The presence of these vinyl hydrogens 
in the molecule corresponds to loss of 5 hydrogens from the 
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aromatic region. Thus, to ascert a in the number of aromatic 
rings reduced, one can take 5/3 of the vinyl hydrogen absorp-
tion. 
The number of "lost" aromatic hydr ogens is represented by 
.2L 
3 
where V is the int egration through the vinyl hydrogen region. 
The total aromatic int egration would be 
(Ar - C) +__2Y_ 
3 
with correction for the presence of any cinnamic acid. The 
percentage of ring reduction should then be 
% Ring Reduction = _2!_ 
(Ar - cJ +_2!_ 
3 
X 100% (6) 
The percentage of aromatic products whose ring(s) were not 
reduced is obtained by difference from 100%. 
The 600 cps offset (270 Hz sweep width) is then used to 
find the fractions of the total product attributable to each 
of the aromatic products, as given by Equations 1-5. By 
applying each of these fractions to the percentage of the 
total product in which the rings were not reduced, it is 
possible to get the percentage composition figures for each 
of the individual aromatic products, and for products of ring 
reduction collectively. These figures are reported and dis-
cussed in the following section, Analysis of Known Mixtures. 
The methods .outlined above were applied to each of the 
artificial mixtures and reduction products described in the 
following sections. Samples of the calculations done for 
one of the artificial mixtures and one set of reduction 
products are to be found in APPENDIX B. 
B. Analysis of Known Mixtures. 
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Four artificial mixtures of anticipated reduction products 
and starting material were prepared and analyzed according to 
Equations 1-5, pages 24 and 25. Each is presented belovl in 
tabular form. In the tables, "Hydro" stands for hydrocinnamic 
acid; "d,l" and "meso", respectively, represent the racemic 
and meso forms of the diphenyladipic acid. No mixtures involv-
ing products of ring reduction were prepared, as these products 
were only identified by spectra, and never isolated experi-
mentally. 
1. Artificial ~ixture of Cinnamic §nd Hydrocinnamic Acids. 
(See spectrum 14, APPENDIX A) 
Product 
Hydro 
CA 
Actual % 
38.7% 
61.3% 
Experimental % 
36.8% 
58.8% 
2. Artificial Mixture of d,l- and ~-2,4-diphenyladipic 
Acids. (See spectra 12-12, APPENDIX A) 
Product 
d,l 
meso 
Actual 96 
50.5% 
49.5% 
Experimental % 
51.0% 
49.0% 
3. Art ificial Mixture of !!;ydrocinnami c Ac i d, gp.d ~£­
and d, 1-.2, 4--,::li pheny1adj:n..ic Acids .. (See spect ra 18, 
19, and 20, APPENDIX A) 
Product 
Hydro 
d,l 
meso 
Actual % 
33.6% 
31.8% 
34-.6% 
Experimental % 
32.1% 
30 .. 8% 
34-.7% 
4. Artificial Mixture 9f Hydrocinnamic Acid, and ~­
and d,_l-},4--diphenyladi pic Acids . (See spectra 21 
and 22, APPENDIX A) 
Product Actual % Experimental % 
Hydro 14-.5% 15.4-% 
d,l · 34-.2% 34-.8% 
meso 51.2% 51.8% 
28 
The lack of easy access to the spectrometer meant that 
optimum results by the methods used were not obtainable. In 
the case of the third artificial miA~ure especially, diffi-
culties were found with both the phase hold and integrator of 
the machine. An additional error possibility with the fourth 
mixture was incurred when some of the sample settled out of 
solution between the time it was prepared and the time it was 
run. Solvent was added in hopes of returning the entire 
sample to solution. It is not known how much of an effect 
this had. 
The first mixture, consisting of cinnamic and hydrocinnamic 
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acids only, was anal yzed us ing the full --range spectrum, the 
values obtained bei ng about 2% low for each mat er ialo No 
special reasons for this error, other than those noted in 
the preceding paragraph,are known. 
The second mixture contained about equal part s of the 
diastereomers. Due to the presence of what v-1ere int er preted 
as spinning side-bands , special techniques were applied to 
the analysis of the sample.. The band at about b 7. 54 ppm 
should have a mate of equa l size at about b 6 .. 97 ppm. To 
correct for this, the integration for the side-band at b 7. 511-
ppm was subtracted from the total aromatic integrat ion, then 
the percentage of the meso adipic acid was calculated in the 
usual fashion, giving the figure of 49%, as reported. Because 
the spinning side-band at ,5 6. 97 ppm is partly underneath the 
four-peak group assigned to the racemate, the percentage of 
the racemate was calculated by difference from 100%. Similar 
difficulties were encountered with two of the reduction-
product mixtures, and were dealt with in essentially the same 
fashion. 
The third artificial mixture gave values well in line 
\.Yith those calculated from weights used. The fourth mixture 
gave values within 1% of the actual figures. It is worthy of 
note that it v1as possible to get these figures without benefit 
of a 600 cps offset, none being available for this sample. 
Some calculations for the mixtures were done on both 600 cps 
and full spectra for comparison: accuracy seems to decrease 
only 1 or 2% when full spectra are used. 
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C. Analysis of Birch Reduction Products. 
1. "Normal 11 Birch Reduction of Cinnami~ Acid. Two sets of 
data were accumulated for the results of the Birch reduc-
tion of cinnamic acid by the procedure used most often. 
One set comes from the SECOND reduction, the other from 
the EIGHTEENTH reduction. These reductions are described 
in detail in the EXPERIMF.J1TAL SECTION of this thesis, 
pages 49 and 59, respectively. 
The products of the SECOND reduction were analyzed 
by weighing the three product fractions after a single 
recrystallization of each. In this fashion it l{/as found 
that the product composition was: 
hydrocinnamic acid 
meso-3,4-diphenyladipic acid 
d,l-3,4-diphenyladipic acid 
21.4-% 
52.8% 
25.7% 
vllien the products of the EIGHT~ITH reduction of 
cinnamic acid were analyzed by the nuclear magnetic 
resonance spectrum of the collected products, the follow-
ing percentages were found: 
hydrocinnamic acid 
meso-3,4--diphenyladipic acid 
d,l-3,4-diphenyladipic acid 
21.0% 
38.8% 
4-0.2% 
While agreement between the two values for the hydro-
cinnamic acid product is well within experimental limits, 
there are major differences between the two sets of data 
for the reductive dimers. These differences between 
values obtained from product weights and those derived 
r 
from NMR may be at least partially rationalized on the 
following bases. 
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First, the NMR values do not reflect a high degree of 
accuracy, as previously noted. As was the case with the 
third artificial mixture, problems were encountered with 
spinning side-bands in the spectrum (see spectra .?.2. and 
2, APPENDIX A). In the manner described on page 29, 
allovmnce was made for the integration due to these side-
bands, and the composition of the products was calculated 
using the adjusted value for the total aromatic integra-
tion. The four-peak group characteristic of the racemic 
hydro-dimer partly covered one spinning side-band so the 
percentage for that material was found by difference from 
100%. An additional potential source of error in the values 
obtained from NMR is the apparent presence of water in the 
sample. Spectrum 24 is identical to spectrum £2 except 
that one drop of water was added to the sample just before 
spectrum 24 was run. The results obtained suggest the need 
for one or more duplications of this analysis • . See page 40. 
Second, the percentages based on measurements of 
weights of products were found using products which had 
been only once recrystallized, and each contained sub-
stantial amounts of the others. As will again be men-
tioned in CHAPrER THREE: EXPERIMENTAL SECTION, all 
attempts to effect a complete purification of the racemic 
acid by recrystallization proved unsuccessful. The crude 
hydro-dimers could be partly separated by pH during 
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work-up, but neither was thus obtained in pure form. 
Successive recrystallizations from n- butanol gave the 
pure meso acid, but the racemate was obtained in pure 
form only by sublimation of the dimethyl ester, followed 
by alkaline hydrolysis to the free acid. The dimethyl 
ester used for sublimation was prepared from the crude 
reaction product, once recrystallized. At the conclu-
sion of the sublimation process, very little unsublimed 
material remained, most of the impurities having come off 
before the d,l diester. Thus, the major contaminants 
appear to have been hydrocinnamic acid and other low-
melting materials, possibly a combination of unconverted 
cinnamic acid and any products arising from reduction of 
the aromatic rings. 
Recrystallizations of meso-3,4-diphenyladipic acid, 
while yielding a pure product (based on NMR) were accom-
panied by significant losses of material. This lost 
material may have contained a large amount of the race-
mate, especially since the separation of the meso and 
d,l diastereomers by selective precipitation during the 
acidification step of the work-up was rather arbitrary. 
Based on the data presented and the foregoing dis-
cussion, it is believed that the NMR results are the 
more representative, and that the products of the reduc-
tion consisted of about 1/5 hydrocinnamic acid, and 
approximately equal amounts of the hydro-dimers. See 
page 40. 
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2. ;f,ffegt gf Increased Concentration 211 t._he Birch Reduction 
of Cinnamic Acid.. A reduction VJas carried out in which 
- --
the quantities of all reacting species were four times 
the usual, with the usual 600 ml of liquid amonnia as 
solvent .. · See, "Twentieth Birch Reduction of Cinnamic 
Acid", page 60. The combined products vJere analysed by 
NMR to determine the effect of this high concentration 
(see Tabl~ I, page l.J-0). 
As a result of the increased opportunity for encounter 
between solvated electrons and the organic substrates 
(including products of side-chain reduction and reductive 
dimerization), the 'first example of ring reduction was 
noted. The two peaks at g; 5.20 and £5.44 ppm were taken 
as representing the vinyl hydrogens on the reducted rings. 
See spectra numbers 26 and gz, APPENDIX A. 
No effort was made, in this case or the other one 
for which ring reduction was noted (Nineteenth reduction), 
to determine if there were any of the aromatic rings for 
which ring reduction \'ras more likely to occur than for 
others. 
The approximate yields of products were in the 
following ranges: hydrocinnamic acid, 7-13%; d,l-3,4-
diphenyladipic acid, 18-24%; meso-3,4-diphenyladipic 
acid, 10-16%; and ring reduction, 51-57% (see Table I, 
page 40). 
3. Effect of Dilution Q£ the Birch Reduction of Cinnamic Acid. 
In order to determine what ef f ect dilut ion of t he syst em 
would have on product composition , the Bi rch reduct i on of 
cinnamic acid was carr i ed out with one-four th the nor mal 
concentrations of each of the reacting species. See, 
"Twenty- first Birch Reduction of Cinnamic Acid", page 61. 
As might be expected, one ma jor di fference between 
this very-dilute r eduction syst em and the ones repor ted 
in parts 1 and 2, above, lie s in the gr eat drop i n the 
amount of reductive dimer ization and t he lack of reduc-
tion of aromatic rings.. NMR analysis (see Table I , page 
40) showed that 40-L~5% of the cinnamic acid substrate 
undertvent only side-chain reduct ion, producing hydro-
cinnamic acid. Of the balance of the starting material, 
27-35% was dimerized to the d,l adipic acid, and the 
remaining 25% or so \vas converted to the meso hydro-dimer. 
The presence of water in the sample makes accurate inter-
pretation of the spectra uncertain at the upfield end of 
the aromatic region. That the sample appears to have 
contained a small amount of \'later can be seen from com-
parison of spectra numbers 28 and 2Q, APPENDIX A. Both 
are full-range (1080 cps), the latt~r showing the effect 
of addition of one drop of water to the sample. The small, 
broad peak at 6 8.1 ppm appears to have shifted to the 
sharp absorption at &4.5 ppm. The presence of water in 
the original sample may or may not have influenced the 
accuracy of the calculations. 
The small, sharp peak at ~ 7.42 ppm (see 600 cps 
offset spectrum, number £2) 1s unidentified as to its 
significance. 
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4. Effect of Orde:r.: of Addition 2.:£. Reactants on the ,!?irch 
Reduction of Cinnamic Acid. In the Nineteenth reduction 
of cinnamic acid, the ammonia was condensed directly onto 
the cinnamic acid (see the Eleventh and Nineteenth 
reductions, pages 58 and 59, respectively).. The lithium 
was added rapidly to the solution of cinnamic acid in 
ammonia and the system vms given ninety minutes to react .. 
This represents a longer than usual time for the entire 
system to be in contact. This long reaction time, coupled 
with the fact that presence of all the cinnamic acid in 
the system during the entire time period through \-Jhich 
the lithium was present, provided a greater than normal 
availability of protons (from dissociation of the cinnamic 
acid), apparently resulted in a large degree of ring reduc-
tion. Nuclear magnetic resonance analysis (see Table I, 
page 40), of the products showed that 30-34% of all reduc-
tion products involved ring reduction. Both hydrocinnamic 
acid and the racemic hydro-dimer appear to represent 
abou~ 25-30% of the total products (actual calculated 
values for the two are 27.1% and 26.9%, respectively). 
Only about one-tenth of the total product is the meso 
hydro-dimer. See spectra numbers .21 and £, APPENDIX A. 
These spectra had what may be a spinning side-band 
at ~ 7.49 ppm (spectrum .2.1). When allmvance was made for 
this band, using the same techniques described for the 
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normal r eduction products , Part 1, this seet i on and f or 
one of the artifi cial mixtures, it was f ound that t he 
calculated values for each of the non-reduc ed-·ring 
products increased about 1%, and t hat the ef fect on the 
value for the percentage of r ing r eduction dropped about 
0 .. 5%. 
5. Effect of Reduc ed Lithj.~m Qong.entr_at.ion sm th~. Birch 
Reduct ion of Cinp.amic !\cid., Thi s r eduction ( s ee "Twenty-
second Birch Reduction of Cinnamic Acid 11 , page 61) i nvolved 
a lower than usua l molar excess of lithium wi t h r espect to 
cinnamic acid. :B'or this r eduction a ratio of two equi va-
lents of lithium per equivalent of cinnamic acid was 
chosen. This ratio was selected for tv,ro reasons, the 
primary one being that a 2:1 excess of lithium represents 
twice the stoichiometric amount required for reductive 
d.imerization (two equivalents of metal to two equivalents 
of cinnamic acid), and is the exact stoichiometric mini-
mum for reduction of the side chain to give hydrocinnamic 
acid. Secondly, the 2:1 molar excess of alkali metal 
approximates halving the usual 3.6:1 excess. 
The results of this change in the concentration of 
lithium are that 1/3 of the cinnamic acid remains uncon-
verted, no evidence of ring reduction was found, and there 
may have been a decreased predominance of hydro-dimers 
over hydrocinnamic acid. This decrease is contrary to 
expectation in that a decrease in the amount of lithium 
in the system reduces the opportunity for addition of a 
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second electron to the molecule, such addit ion being 
necessary for formation of hydrocinnamic acid, but not 
essential for r eductive dimeri zation. One might have 
expected the dimers to predominate over the hydrocinnamic 
acid more strongly than ever. 
The spectrum of the combined reduction products v-ms 
taken twice, about one month elapsing between the two 
runs. The first spectrum run gave these approximate per-
c entages (see Table I, page 40): hydrocinnamic acid, 
29-33%; d, 1-3 ,4-diphenyladipic acid, 25-·29%; meso-3 ,4-
diphenyladipic acid, 9- 12%; and unconverted cinnamic acid, 
30-33%. See spectra numbers 22 and ~' APPENDIX A. 
The second set of spectra for this reduction was 
made on a day when several problems were encountered in 
the operation of the spectrometer. The percentages found 
from this run (see Table I, page 40) were: hydrocinnamic 
acid, 24-28%; d,l-3,4-diphenyladipic acid, 21-25%; meso-
3,4-diphenyladipic acid, 7-10%; and cinnamic acid, 37-40%. 
See spectra numbers 2.2 and ~' APPENDIX A. 
While the results of analysis of the two sets of 
spectra are somewhat different, it appears reasonable to 
conclude that about one~third of all ci'nnamic acid was 
not reduced at all. It may be that the ninety· minutes 
allowed for reaction after the substrate had been added 
to the metal-ammonia solution were simply not sufficient. 
Further, it appears that hydrocinnamic and d,l-3,4-
diphenyladipic acids each make up about one quarter of 
the total recovered material, the meso adipic acid 
comprising about one-tenth of the total. See Table I, 
page 40. 
D. Summary of Results of NMR Analyses of Birch 
Reduction Products (see Table I, page 40). 
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In all but one of the five reduction schemes analyzed, 
the majority of cinnamic acid starting material underwent 
reductive dimerization to one or the other of the diphenyladipic 
acids. To illustrate, for the so-called "normal" reduction, 
the two hydro-dimers made up some 3/4 of the total reduction 
products; for the very dilute reduction system, in v..rhich 
dimerization should be more difficult due to decreased oppor-
tunity for collision of radical interi)lediates, the dimers still 
predominated by a ratio of about 4:3. In the highly concen-
trated system, half or more of the products involved ring 
reduction. Of the fully aromatic products from that reaction, 
however, about 80% were the result of reductive dimerization. 
The most nearly equivalent ratio of combined hydro-dimers to 
hydrocinnamic acid occurred when the 2:1 molar excess of lithium 
was used. In that case, the dimers predominated by only about 
6:5. 
While it is possible for reductive dimerization (as well 
as other reactions within the system) to take place between 
the radical-anion intermediates, it seems that, in this par-
ticular series of reductions, reaction probably involves, first, 
rapid addition of an electron to the ethylenic double bond of the 
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cinnamic acid side chain giving the radical--anion, XXIII, 
first referred to in the introductory section of this thesis$ 
This radical-anion should have ample opportunity for protona-
tion from water and carboxylic acid protons in the system to 
form radical L~II . 
' ;; - + Ph-CH=-=CH-C02 <_e_-> Ph-CH-CH- C02 _!L_r 
11 
Ph-CH-~CH2-co2 
(XXIII) (XXII) 
The consistent predominance of reductive dimers oyer 
hydrocinn.amic acid seems to indicate reluctance of the r adical-
dianion, XXIII, to add a second electr on, as 
4 4-:i, 
Ph-CH-CH-C02 
sa ott. 
Ph-CH-CH-C02-
-e ,.. • 
This addition of a second electron would result in the posi-
. ' -- -.. -.. 
tioning of negative charges on adjacel_lt carbons of the side 
chain and a total of three negative charges on the molecule 
as a \vhole. Small amounts of water in the system, plus the 
proton supplied by ionization of the carboxylic acid in the 
highly basic medium, provide sufficient protons · to allo\v for 
prompt conversion of the radical-anion to the radical, XXII. 
The relative rates of reductive dimerization and formation of 
hydrocinnamic acid probably amount to competition for the 
radical between addition-of a second electron and encountering 
another such radical. 
E. Suggestions for Further Work. 
Based on the results of the various reductions, as dis-
. cussed in the previous sections, the need for other 
TABLE I 
Summa:r;y_ of Results of NMR Analy~~-~. 1 ' 2 
Reduction (£age) 
Normal (p. 30) 
Lf. x Normal 
Concentration 
(p. 33) 
1/4 x Normal 
Concentration 
(p. 33) 
Cinnamic Acid 
Before Li (p. 35) 
2 eq. of Li per · 
eq. CA (p. 36)3 
CA 
38.6%. 
Hydro 
21.0% 
10.6% 
42.0% 
27.1% 
Meso 
38.8% 
26.6% 
10.2% 
8.6% 
d,l 
40 .. 2% 
21 .. 096 
30.8% 
27.2% 
22.8% 
31.6% 30.8% 10.4% 26.8% 
RR 
53.796 
31.8% 
1. CA = cinnamic acid; Hydro = hydrocinnamic acid; Meso 
and d,l = meso and d,l diphenyladipic acids; RR = 
reduced ring products . 
'+0 
2. Values given are those actually calculated from analysis 
of the spectra, and represent percent composition. 
3. Two sets of spectra were run for the same reduction; 
results of both are shown. 
L~l 
investigations becomes apparent. First, as noted on pages 
35 and 36, the normal reduction conditions gave approximately 
equal amounts of the meso and racemic hyd.ro-dimers.. Because 
most other reductions (see especially the results of the 
quadruple-strength and quarter-strength reductions, Table I, 
page 40) showed a predominance, usually sizeable, of the 
racemic acid over the meso form, it is suggested that the 
"normal" reduction be repeated to check the reproducibility 
of the results obtained in this investigation. 
Second, to remove all possible proton sources, it is 
recommended that one or more reductions be carried out using 
ammonia that has been dried over lithium (or some other alkali 
metal), and replacing the cinnamic acid with lithium cinnamate. 
In such a system the only proton source would be ammonia itself, 
v.rhich is not acidic enough to provide a proton to any of the 
reaction intermediates by becoming the amide ion. Us~ of an 
argon, or other inert atmosphere, would further help avoid 
experimental variables, as lithium reacts with both nitrogen 
and oxygen. If the composition of products becomes quite 
different, it might indicate that reaction paths had c~anged. 
Hydro-dimers might form by addition of radical-anions to the 
vinyl group instead of by dimerization of the radical XXII, 
page 39. 
The third suggested system involves using the 2:1 molar 
excess of lithium as described earlier, but also allowing 
several hours, if necessary, for the system to complete reaction 
before addition of the ethanol. This suggestion is made in 
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part because the reported re ~mlts of such an investigation 
in this thesis showed large amounts o.f unconvert ed cinnamic 
acid. The 2:1 ratio for lithium to cinnamic acid is the 
stoichiometric minimum for .formation of hydrocinnamic acid 
and twice the minimum for reductive dimerization. Such a 
reduction as is suggested here, coupled ·with one using large 
(e.g., 8:1) molar excesses of lithium should give some infor-
mation regarding relative favoritism for reductive dimeriza-
tion as opposed to hydrogenation of the side chain. 
Because of the demonstrated volatility of the dimethyl 
esters of the adipic acids, it would be worthv-1hile to carry 
out the reductions as described in this thesis or as recom-
mended here, using methyl cinnamate instead of cinnamic acid. 
This would also remove one source of protons in the system. 
Further, the radical or radical-anion involved in dimerization 
would have no negative charge on the carbomethoxy group com-
pared to the carboxylate group from the free acid, so the 
intermediate should be able to dimerize more readily. 
Analysis of the diester products of the reductive dimers 
should be straightforward in that the two diesters have 
separate, sharp absorption peaks in the NMR spectrum (numbers 
2 and 12, APPENDIX A) for the -OCH3 groups. 
It should also be possible to analyze the reduction 
products of cinnamic acid by glc, which might well be more 
accurate, providing that the esters involved in the analysis 
are .all sufficiently volatile. Coates and Shaw (30) report 
the use of glc for analysis of the results of their reduction 
l.J-3 
of cinnamic acid by lithium in liquid ammonia. Coates and 
Shmv were only looking for hydrocinnamic acid, but were able 
to employ glc techniques directly on the free acid. 
Ethyl cinnamate may be more suitable, since, as pointed 
out in CHAPrER THREE, at least one of the diethyl ad.ipates 
appears to be a liquid at room temperature. The alternative 
possibility of esterifying the reduction products after 
reduction is not a promising one based on experiments done 
in this research. Esterification via thionyl chloride was 
not nearly quantitative, although diazomethane might provide 
a successful esterification. 
CiiAP.rER THREE: EXPERIMENTAL SECTION 
In all, some twenty-two reductions of cinnamic acid, 
with liquid ammonia as solvent and lithium metal as the reduc~ 
ing agent, were carried out. Many were run solely in an 
effort to amass sufficient material to carry out purifications. 
Others were later discarded as inconclusive, or were duplica-
tions of other reductions. Only the fi rst two reductions and 
those which were in some way different from the others are 
herein reported. 
The method reported as "Second Birch Reduction of Cinnamic 
Acid", represents the basic procedure employed throughout most 
runs, with the exception that the cinnamic acid used in all 
reductions except the first had been twice recrystallized from 
chloroform. Table II, pages 46 and 48, is an outline of all 
reductions carried out, including those not described in detail. 
A. Summary of Experimental Methods. 
1. The ammonia used in each reduction was distilled without 
further drying from a gas cylinder, and \vas condensed 
into the reaction flask by a dry ice-acetone condenser. 
2. The lithium was supplied by Foote Mineral Company in the 
form of a uniform-density ribbon, density 0.089 g/cm. 
The protective petrolatum coating was removed by three 
successive washings in low-boiling petroleum ether. The 
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metal was cut into small pieces immediately before its 
introduction into the reaction vessel to provide freshly-
exposed surface to the solvent. 
3. Solvents were evaporated, and solutions were condensed 
by a rotatory evaporator and hot water bath, in vacuo 
(aspirator). 
4-. Unless otherwise specified, NMR spectra \>Jere obtained by 
courtesy of J. Doherty of Jeol Co., using a Japan Electron 
Optics Lab (Jeol) spectrometer, model MH-100, except for 
spectra numbers 8, 9, 11, and 12, which were kindly run by 
Dr. G. E. Pollard, Shell Development Company, Modesto, 
California, on a Varian Associates model A-60. 
5. Melting points were determined with a Thomas Hoover melt-
ing point apparatus, and are uncorrected. The apparatus 
was checked periodically against the set of melting point 
standards supplied by the manufacturer. 
6. Reductions were carried out at the boiling point of ammonia, 
-33°, in all cases. 
7. The terms, "alcohol" and "ethanol" refer to absolute 
ethanol unless otherwise noted. "Ether" refers to diethyl 
ether. 
8. The cinnamic acid used, except in the first reduction, was 
Eastman, practical grade, recrystallized t\'l'ice from chloro-
form, mp 132.5-133.5°; lit. (31, 32a) 133°. 
TABLE II 
Summary of Birch Reductions of Cinnamic Acid. 
Cinnamic 
Run Acid Lithium Ethanol Remarks 
1. 14.82 g 2.5 g 50 ml See p. 49; acid 
0.1 mole 0.36 mole 1.4 moles not recrystallized. 
2. 14.53 g 2.5 g 50 ml See p. 49. 
0.098 mole 0.36 mole 1.4 moles 
3. 52.3 g 5.0 g 75 ml Separation by pH 
0.35 mole 0.72 mole 2.1 moles unsuccessful; 1200 
ml ammonia used. 
4. 29.64 g 5.0 g 100 ml Same as Run 3. 
Os2 mole 0.72mole 2.8 moles 
5. 29.64 g .2.5 g 50 ml Separation by pH 
0.2 mole 0.36 mole 1.4 moles unsuccessful. 
6. 14.53 g 2.5 g 50 ml Run only to obtain 
0.098 mole 0.36 mole 1.4 moles more racemate. 
7. 14.82 g 2.5 g 50 ml Run only to obtain 
0.1 mole 0.36 mole 1.4 moles more racemate. 
8. 14.82 g 2.5 g 50 ml Attempt to form 
0.1 mole 0.36 ;nole 1.4 moles diethyl esters of 
all precipitated 
products unsuccess-
.p-ful. 0'1 
TABLE II (Continued) 
Cinnamic 
Run Acid Lithium Ethanol Remarks 
9. ' 14.82 g 2.5 g 50 ml See p. 54; Cinnamic 
0.1 mole 0.36 mole 1.4 moles acid recr. 4 times. 
10. 14.82 g 2.5 g 50 ml See p. 55· 
0.1 mole 0.36 mole 1.4 moles 
11. 14.82 g 2.5 g 50 ml See p. 58; Li added 
0.1 mole 0.36 mole 1.4 moles very slowly, Cin. 
acid added first. 
12. 14.82 g 2.5 g 50 ml Li added fast; 
0.1 mole 0.36 mole 1.4 moles flask broken, I product lost. I 
13. 14.82 g 2.5 g 50 ml Repeat of Run 12. 
! 
0.1 mole 0.36 mole 1.4 moles 
14. 29.64 g 5.0 g 100 ml Double usual con-
0.2 mole 0.72 mole 2.8 moles centrations; not 
analyzed by NMR. 
15. 7.41 g 1.25 g 25 ml Half usual con-
0.05 mole 0.18 mole 0.7 mole centrations, not 
analyzed by NMR. 
16. 14.82 g 2.5 g 50 ml Run to obtain 
0.1 mole 0.36 mole 1.4 moles more racemate. 
17'! 14.82 g 2.5 g 50 ml Run to obtain 
0.1 mole 0.36 mole 1.4 moles more racem~te. -P' 
-....J 
Cinnamic 
Run Acid 
18 .. ' 14.82 g 
0.1 mole 
19. 14.82 g 
20. 58.59 g 
0.4 mole 
21. 3.71 g 
0.025 mole 
22. 14.82 g 
0.1 mole 
TABLE J_J: (Continued) 
Lithium Ethanol 
2.5 g 50 ml 
0.36 mole 1.4 moles 
2.5 g 
---
10.04 g 200 ml 
1.44 moles 5.6 moles 
0.63 g 12.5 ml 
0.09 mole 0.36 mole 
1.39 g 50 ml 
0.20 mole 1.4 moles 
Remarks 
Products collected 
for N!1R; see p. 59 
(Table I, p. 40). 
See p. 59; about 
90 ml ethanol used. 
Products collected 
for NMR. (Table I) 
See p. 60; products 
collected for NMR. 
(Table I, p. 40) 
See p. 61; products 
collected for NMR. 
(Tp._'ble .!_, p. 40) 
See p. 61; products 
collected for 1~R. 
(Table I, p. 40) 
..j:::-
()) 
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9. Unless otherwise stated, reduction sequences were as 
follows: ammonia was condensed into the reaction fl a sk; 
lithium was dissolved in the solvent; cinnamic acid was 
added to the metal-ammonia solution; ethanol was added 
last. Ammonium chloride was added at the end of the 
reduction to neutralize the lithium ethoxide. 
10. "Normal quantities of materials" are: . liquid ammonia, 
600 ml; lithium, 2.5 g (0.36 mole); cinnamic acid, 14.82 g 
(0.1 mole); ethanol, 50 ml (l.l~ moles); ammonium chloride, 
20 g (0.36 mole). 
B. Second Birch Reduction of Cinnamic Acid. 
The first Birch reduction of cinnamic acid was basically 
the same as the second, except for the fact that the cinnamic 
acid used was Eastman, practical grade, unrecrystallized. The 
results of this first reduction made evident the need for 
recrystallized starting material. 
The Second Birch Reduction of Cinnamic Acid was carried 
out in a t\.vo-lite.r, three-neck flask, fitted with a mechanical 
stirrer and a dry ice-acetone condenser. To 600 ml of liquid 
ammonia in the flask were added 2.5 g (0.36 mole) of lithium 
metal, followed by 14.82 g (0.1 mole) of cinnamic acid. The 
temperature was maintained at the boiling point of the solvent 
(-33°). The lithium was added in small pieces over a span of 
twenty minutes, then given an additional twenty minutes or so 
to dissolve. The cinnamic acid was added slo\dy, about 0.1 g 
at a time. Faster addition resulted in some of the cinnamic 
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acid being blown out the powder funnel. Aft er addition of 
the acid and 10·-15 minutes refluxing, addition of 50 ml (1.4· 
moles) of absolute ethanol was begun. To avoid "eruption" 
of the system, it was necessary to add the alcohol at a very 
slmr,r, dropwise rate, until about ha lf of the -50 ml had been 
added. At this point, the deep blue color of the alkali metal-
liquid ammonia mixture had cleared, leaving a creamy white 
color. After alcohol addition and twenty minutes r efluxing, 
20 g (0.36 mole) of ammonium chloride were added to neutralize 
the highly basic ethoxide ions. After 12 hours, during which 
the ammonia had all apparently evaporated, 200 ml of ice-cold 
(0°) water were added. This solution was then treated with 
sufficient 1096 hydrochloric acid to 10\ver the pH to 5 
(pHydrion test paper) and the resulting 'liThite precipitate 
was collected by suction filtration. After a single recrys-
tallization from methanol the solid product consisted of 
6.865 g, mp 274-278°. This product is believed to be (3R,4S)-
3,4-diphenylhexanedioic acid (meso-3,4-diphenyladipic acid); 
reported for this diacid; (20) 270-271°, (21) 274-275°, (26) 
274.5-276.5°. See Table II, page 46. 
The aqueous filtrate was then extracted with three 100-ml 
portions of ether. The combined extracts were dried over 
magnesium sulfate and the solvent was evaporated by rotatory 
evaporator, yielding a clear-white solid which weighed 2.787 g, 
mp 43-47°, following one recrystallization from methanol. This 
product was tentatively identified as 3-phenylpropanoic acid 
(hydrocinnamic acid); reported mp (28b) 48.6°. 
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After 48 hours the pH of the aqueous layer following 
extraction had changed to pH '7 (pHydrion). Addition of 
sufficient hydrochloric acid to lower the pH to O, produced 
a white solid precipitate. After a single recrystallization 
from methanol, the product consisted of 3.350 g, mp 173-178°, 
and was tentatively identified as (3RS,LmS)-3,4- diphenyl-
hexanedioic acid (d,l-3,4-diphenyladipic acid), reported mp 
(19) 169-170°, (20) 185-186°, (21) 185-186°. 
TABLE III 
Summary of Results of the Second Birch Reduction 
of Cinnamic Acid. 
Product Weight 
~prox. 
Jo Yield* m:Q 
meso-3,4-diphenyl-
adipic acid 6.865 g 46.4% 274-278° 
d,l-3,4-diphenyl-
adipic acid 3-350 g 22.6% 173-178° 
Hydrocinnamic acid 2.787 g 18.8% 43-47° 
Total products 13.002 g 87.8% 
* The percentages reported in Table III are yields based on 
cinnamic acid. For this reason, they differ from those 
reported on page 30, the latter being based on composition 
of isolated products. 
The materials isolated were only partially purified by 
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the single recrystallization from methanol, as indicated by 
the low and broad melting point ranges. 
C. Derivatives of Birch Reduction Products. 
1. ~-9-iethyl-.2,,4-diphenyladipate. The diethyl ester of 
the meso hydro--dimer was prepared by refluxing 296 mg of 
the acid (1 m-mole) with 5 ml of ethanol (87 m-mole). 
Eight drops of concentrated sulfuric acid served as a 
catalyst. Refluxing was continued for two hours. The 
acid used was that isolated during the second reduction, 
mp 274-278°. The reaction mixture ~>Jas cooled to belov1 
room temperature with an ice-water bath, then poured 
into 25 ml of ice-cold distilled water, a white solid 
immediately appearing. The solid ester was then removed 
by extracting twice with 25 ml portions of ether. The 
combined ether extracts were dried (MgSOL1_) and evaporated 
by rotatory evaporator. This left the \'{hi te, flaky ester, 
1.98 g, 56% yield based on the acid~ mp 113-114.5°; lit. 
(29) 113- 114°, (30) 116-117°. 
Attempts were made to prepare and isolate the diethyl 
ester of the racemic acid by the process outlined above 
and also via the acid chloride. No positive results were 
obtained. No mention of a successful synthesis and iso-
lation of the diethyl ester of d,l-3,4-diphenyladipic 
acid was found in the literature, although Wilds and 
Sutton (21) do report attempts to carry out this prepara-
tion. It may be that d,l-diethyl-3,4-diphenyladipate is 
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a liquid at room temperature. 
2. ~- and racemic- Dimethyl-2,~-diphenY-ladipates. The 
dimethyl esters of both the d,l- and meso- stereoisomers 
were prepared by refluxing 2l~5 mg (0 .. 85 m-moles) of the 
acid with 5 ml (90 m-moles) of methanol in the presence 
of 8 drops of concentrated sulfuric acid for 2 hours. 
After cooling to room temperature and neutralization 
(litmus) with 15% sodium bicarbonate solution, the white 
solid esters were collected by gravity filtration and 
dried in a desiccator. 
Yields: meso: 0.205 g, 7~% yield. 
d,l: 0.19~ g, 70% yield. 
Melting Points: · meso: 176-178°; lit. (21) 177-177.5°. 
d,l: 72-7~0 ; lit. (21) 73-74°. 
The N~m spectra of both compounds are to be found in 
the APPENDIX A, spectra numbers ~ and 12 for the d,l and 
meso ~imethyl esters, respectively. 
3. Hydrocinnamide~ The solid of mp 43-47° from the second 
reduction (page 49) was confirmed as hydrocinnamic acid 
by conversion to the corresponding amide. One gram of 
the crude, unrecrystallized product (used because of the 
high losses in recrystallization and dearth of available 
product) was refluxed with 5 ml of thionyl chloride for 
one hour on a steam bath. The mixture "ivas then poured 
directly into ice-cold, 30% aqueous ammonium hydroxide. 
The white solid amide was collected by gravity 
• 
filtration. Crude mp 81-85°; after recrystallization 
from methanol, mp 83-85°; lit. (28b) mp 85°. 
D. Ninth Birch Reduction of Cinnamic Acid. 
The reduction involved use of the normal quantities of 
materials (see page 49, #10). During condensation of the 
ammonia, a dry ice-ethanol bath \vas applied to the flask to 
hasten collection of the solvent, but the bath \•ras removed 
before the actual reaction was begun. That the twenty minutes 
allowed for solution of the metal were not enough, was indi-
cated by the disappearance of the blue color in favor of a 
creamy, off-vvhite cast after about 10 g of the cinnamic acid 
had been added. Pieces of metal were then evident in the 
solution. The system vlas allowed to stir with much slower 
addition of the acid, and stirring was continued after all 
the acid had been added and until no pieces of undissolved 
metal could be seen. The blue color returned during this time. 
The ethanol was then added in dropwise fashion over 17 minutes, 
about half the 50 ml suffic{ng to cause the blue color to fade. 
Work-up was begun in the usual fashion, the first sol:ld 
(presumably the meso hydro-dimer) being collected in three 
successive filtrations because the material was partly passing 
through the filter paper in the Buchner funnel each time. The 
combined solid products were placed in a 110° oven for drying. 
After half an hour, the material had charred visibly on all 
exposed surfaces. Attempts to recover at least part of the 
solid by recrystallization from hot n-butanol proved futile. 
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E. Tenth Birch Reduction of Cinnamic Ac.id. 
The normal quantities of materials (see page 49, fjlO) 
were used. In this reduction, the lithium was added in less 
than 5 minutes and the solution was stirred only 20 minutes 
to allow the metal to dissolve as much as possible. The 
cinnamic acid was added in lots of about 0.1 g, over a 35-40 
minute period. The blue color disappeared during acid addi-
tion. The color was not given time to return to the solution 
before alcohol addition was begun. 
Work-up called .for the usual 200 ml of ice-cold water, 
with 80 ml of 10% hydrochloric acid being sufficient to bring 
the solution to pH 6 (pHydrion). This acidification was 
accompanied by formation of a sparkly, cream-white solid of 
light, fluffy texture. A small sample was put in the 105° 
oven. This sample had slightly discolored in 30 minutes. 
The sample was cooled in a desiccator, then recrystallized 
.from distilled water and oven-dried at 105°, with no dis-
coloration. Very little of the original sample remained at 
this point. The melting range was quite broad (greater than 
30°) and was not improved greatly by further heating and 
desiccating. Ignition tests showed the substance to be organic; 
its composition was not learned. 
The balance of the original solid product which had formed 
at pH 6 was collected by suction filtration and transferred 
directly to a vaccum desiccator. After one hour in the desic-
cator, this sample had mp 275-277°. Drying for an additional 
hour was .followed by solution in an excess of 95% ethanol 
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(about 50 ml). The solution was concent·rated by heating on 
a hotplate to half the original volume, and was allov1ed to 
stand overnight. The result was fine, clearly-divided color-
less needle-like prisms in a rather thick yellow liquor. The 
liquor vTas poured off the crystals and retained. About half 
the crystals were recrystallized from 10 ml of distilled 
water; the rest were washed with two 1-ml portions of 95% 
ethanol. The washings were added to the yellow mother liquor. 
One crystal (unrecrystallized) was melted, a single drop of 
clear liquid appearing at 165°. The balance melted at 179-
1800. Oommen and Vogel (20) report mp 185-186° for the pure 
d,l diastereomer; they further report detecting one molecule 
of alcohol of crystallization with the meso acid. The frac-
tion which had been recrystallized from distilled water was 
not recovered as the single prisms, but as translucent 
clusters of smaller crystals. 
The remaining aqueous solution, total volume about 300 ml, 
was divided into three fractions. The first was treated as 
described below (a-d, following paragraph). The second 100-ml 
fraction was to be extracted with ether first, then the aqueous 
layer was to be acidified. The third fraction was loosely 
covered to prevent contamination by dust from the air, and 
allowed to stand untended. 
Fraction number 1 (see preceding paragraph) was further 
divided and treated as follows: (a) to 20 ml of the aqueous 
solution were added 20 ml of 10% HCl. The solid white pre-
cipitate was collected by suction filtration and dried in a 
105° oven. After drying, this sample had mp 173-178°, with 
57 
no discoloration; (b) 20 ml were treated with 10 ml of 10% 
hydrochloric acid (pH 0, pHydrion). After standing for l/2-
hour for the solids to collect sufficiently to permit effi-
cient filtration, the precipitate was collected then recrys-
tallized from distilled water. The mother liquor yielded 
another crop of crystals on standing overnight. This sample 
had an indefinite melting range, softening somewhat at about 
110° with total melting in the range 165-170°. (c) Another 
20 ml of fraction #1 were acidified with 10 ml of 10% hydro-
chloric acid. The precipitated solids were dried for 8 hours 
in air following collection by suction filtration, then tritu-
rated \'lith acetone. The acetone was subsequently removed on 
rotatory evaporator. Once again the melting range was none 
too distinct, with some softening at about 100° and total 
melting in the 165-170° region. (d) the final 40 ml were 
treated as in (a), above, with an equal volume of the 10% acid 
solution. The combined materials from (a) and (d) were later 
used in the preparation of derivatives. 
The second 100- ml fraction \'las extracted with three 25-ml 
portions of ether· without further acidification. The combined 
ether extracts were retained. Later evaporation of the ether 
on a rotatory evaporator yielded the hydrocinnamic acid 
expected, mp 42-46°; lit. (28b) 48.6°. 
In the aqueous portion which was neither extracted nor 
acidified, a new product appeared after the solution had stood 
for a period of. days with only a dust cover. This product 
appeared as colorless needle-like crystals which began to form 
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on the surface of the solution. Many of these crystals had 
individual lengths in excess of 1 em. Total yield, 0.45 g .. 
No discoloration occurred from drying the product in a 105° 
oven. Part of these crystals were recrystallized from 
distilled water, and the balance were washed with cold water. 
Both samples were dried in a vacuum desiccator. The sharpest 
melting range obtained was 133-135° (for the part which had 
been recrystallized from water), indicating that the product 
is, at least primarily, unconverted cinnamic acid; reported 
for cinnamic acid 133° (27,28a). 
F. Eleventh Birch Reduction of Cinnamic Acid. 
The order of addition of reactants was varied from the 
usual scheme. The ammonia was condensed directly onto the 
cinnamic acid. This was followed by a very slow addition of 
the lithium. It was intended that each small (about 0.5 cm2 ) 
piece of the metal be allo\'led to dissolve completely before 
the next piece was added. To this end, the freshly-cut pieces 
were added at the rate of about one every 20 minutes. The 
cinnamic acid, which had not dissolved appreciably at the out-
set, began to dissolve as the lithium was introduced. The 
deep blue color did not appear until about half the metal had 
been added (about two hours into the addition time). Metal 
addition rate was then increased to one piece every five 
minutes, total time, 3 hours. About 90 ml of ethanol, which 
was 40 ml more than usual, were needed to remove the blue 
color. Twenty grams of ammonium chloride were added, and the 
ammonia was allowed to evaporate. An extra 100 ml of ice 
water (300 ml total) were needed to take up the combined 
solid products after evaporation of the ammonia. See the 
Nineteenth reduction. 
G. Eighteenth Birch Reduction of Cinnamic Acid. 
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This reduction was carried out as described for the 
first two reductions, pages 49-52, inclusive, using the 
amounts of materials given in #10, page 49. Both reductive 
dimers were precipitated together with 10% hydrochloric acid 
after the combined solid products had been taken up in the 
usual 200 rnl of cold water. The precipitates v1ere collected 
at pH 0 (pHydrion). The aqueous solution remaining after 
acidification was extracted with three 100--ml portions of 
diethyl ether, then with two 50 ml portions of ether to 
ensure that all organic products had been collected. 
After evaporation of the ether from the combined 
extracts, the hydrocinnamic acid and reductive dimers were 
collected together in a methanol slurry and thoroughly mixed 
to give as uniform a mixture of products as possible. The 
methanol was then evaporated on a rotatory evaporator. The 
combined solid products were dried, both in a 105° oven and 
in a vacuum desiccator, then a sample was submitted for NMR 
analysis. See spectra 22-24, APPENDIX A, and results of the 
analysis, page 30. 
H. Nineteenth Birch Reduction of Cinnamic Acid. 
This reduction was identical 'vith the Eleventh (see 
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page 58), with lithium addition after the cinnamic acid, 
except that the lithium was added entirely in less than one 
minute. About ninety minutes were allowed for the metal to 
then dissolve. The color of the reaction mixture ran from 
clear (with undissolved cinnamic acid in evidence), to 
brownish-yellow, then to deep blue over a 25-minute period, 
following metal addition. It was noted that a larger amount 
of energy seems to be released when the metal is added to a 
mixture of the cinnamic acid and liquid ammonia than that 
released when cinnamic acid is added to the metal-ammonia 
solution which was the ~sual procedure. Sixty milliliters 
of ethanol cleared away the blue color, but there were still 
a few small pieces of undissolved lithium left. A total of 
100. ml of absolute ethanol was used, and addition of the 
ammonium chloride was delayed until there was no trace of 
undissolved metal. As in the preceding reduction, all organic 
solids were collected together in a uniform mixture for analysis 
by NMR. Yield, 13.44 g, 91% based on cinnamic acid. 
I. Twentieth Birch Reduction of Cinnamic Acid. 
The usual concentrations (see page 49, #10) were quad-
rupled: 58.59 g (0.4 mole) cinnamic acid, and 10.04 g (1.44 
moles) of lithium being combined in 600 ml of liquid ammonia. 
Two hundred milliliters of ethanol and 80 g of ammonium chloride 
were used. The lithium, which was added before the cinnamic 
acid, took in excess of two hours to completely dissolve. The 
work-up and collection of all organic products in homogeneous 
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mixture proceeded as in the 18th and 19th reductions. Four 
hundred milliliters of ice water were needed to dissolve all 
solids during the work-up. 
J. Twenty-first Birch Reduction of Cinnamic Acid. 
This reduction was run at one-fourth normal strength 
(see page 49, #10). To the usual 600 ml of liquid ammonia 
were added, in order, 0.63 g (0.09 mole) of lithium, 3~71 g 
(0.025 mole) of cinnamic acid, 12.5 rnl (0.36 mole) of absolute 
ethanol, and 5 g (0.09 mole) of ammonium chloride. Work-up 
required 100 ml of ice water, plus an e~tra 35 ml of water to 
wash all products out of the reaction vessel. Ether extrac-
tions were done with four 50-ml portions. The combined 
organic products were again collected in uniform mixture for 
NMR analysis. 
K. Twenty-second Birch Reduction of Cinnamic Acid. 
In this reaction, 1.39 g (0.2 mole) of lithium were 
used to establish a 2:1 mole ratio between the metal and the 
acid. All other quantities of materials were as usual (see 
page 49, #10), except that the amount of ammonium chloride 
was also decreased to 11.11 g (0.2 mole). Once again, all . 
organic products were collected together for NMR analysis. 
L. Purification of Reaction Products. 
1. ~-,2.,4-diphenyladipic Acid. The meso hydro-dimer was 
purified satisfactorily solely through recrystallizations. 
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The most effective route was found to be recrystallization 
from n-butanol. Three succussive recrystallizations were 
carried out, followed by washing with ice--cold sol vent. 
r1elting point 276.5-278°; lit. (20) 270-271°' (21) 274--
2750. See spectra numbers 10-12, APPENDIX A. 
2. H;ydrocinnamic jtcid. This product was recrystallized 
both from acetone and · from isopropyl alcohol. The crude 
melting point vms 4-3-4-7°, with recrystallization from 
isopropyl alcohol improving that to 4-6- 4-8°, reported 
value 48.6° (27,28b). The NMR spectrum was the same as 
that of known hydrocinnamic acid (spectra run courtesy 
of the chemistry department of Los Angeles State University). 
The identity of this compound was further substantiated by 
preparation of the amide, as described on page 53. 
3. d,l-2,4-dephenyladipic Acid. All attempts at purifica-
tion of the racemic acid by recrystallization proved 
unsuccessful. Solvents tried (individually and in various 
combinations and co-solvent systems) included water, 
g-butanol, isopropanol, chloroform, methanol, ethanol 
(both absolute and 95%), and glacial acetic acid. A 
melting point range of 173-174° was obtained from succes-
sive recrystallizations from methanol, isopropanol, and 
absolute ethanol, but the NMR spectrum of that material 
shows presence of contamination from both water and hydro-
cinnamic acid and/or the meso hydro-dimer (spectrum #8, 
APPENDIX A). 
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Purification of the racemic acid was effected through 
sublimation of the dimethyl ester, roughly following the 
methods of Vlilds and Sutton (21) who had carried out puri-
fication through vacuum distillation of the diester followed 
by saponification to the free acid. It was found in this 
investigation that the racemic dimethyl ester was sufficiently 
volatile to sublime under high vacuum at moderate temperatures. 
The diester was prepared in the manner reported in part 
III of this section (page 53), refluxing 3.9 g of the crude 
racemate (combined products of three earlier reductions, 
including the lOth, page 55), with 2.0 ml concentrated sul-
furic acid and 200 ml of absolute methanol. After cooling·, 
the reaction mixture was neutralized with 15% aqueous sodium 
bicarbonate. The ester was collected by suction filtration 
and dried in a vacuum desiccator (10 mm/Hg) for 12 hours. 
The product was then recrystallized from methanol and dried 
an additional 12 hours, as before. 
The dimethyl ester was then sublimed. Products were 
collected in three sep~rate batches. The first was that 
which accumulated on the cold-finger at 118°, 6 x 10-2 mm/Hg; 
mp 71-72° (lit. (21) 73-74°). (This melting point was deter-
mined on an apparatus other than the Thomas Hoover instrument 
used for all other determinations.) This batch consisted of 
just a few crystals, most of which were used for the melt:L:ng : 
point determination. 
The second batch of product, 0.509 g, mp 71.5-73°, was 
collected at 135°, 6 x 10-2 mm/Hg. The third batch, 1.354 g, 
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o o -2 I mp 72-73.5 , was collected at 127 , 2 x 10 mm Hg. No NMR 
spectrum of this ester was taken, although an NMR spectrum 
(Spectrum 9) is sho\•m for the dimethyl ester prepared earlier 
(page 53), which \·Jas not sublimed, but -vms purified by recrys-
tallization. 
The second and third crops were combined and saponified 
by refluxing for 24- hours with 15% sodium hydroxide solution. 
Melting point for the free acid vias determined as 178-180°; 
lit. (21) mp 185-186°. The NMR spectrum of the free acid 
thus prepared is shown in spectra 2-Z· Using the combined 
weights of the second and third crops of the ester, the yield 
was 4-3.5%, based on crude acid. 
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APPENDIX A 
Index of NMR Spectra 
Notes on Spectra: 
1. Si..,eep ranges and sweep ,..,idths are given under REMARKS. 
Spectrum frequencies are 100 Hz unless otherwise noted. 
2. Abbreviations used: CA = cinnamic acid; Hydro = hydro-
cinnamic acid; d,l = d,l-3,4-diphenyladipic acid; meso = 
meso-3,4-diphenyladipic acid; RR = reduced-ring products; 
AM = artificial mixture; ~XN = reaction product (with 
page reference for analysis given in parentheses). 
3. Solvents used are given with sample description. DMSO 
is hexadeutero-dimethylsulfoxide; CDC13 is deutero-chloroform; CF3COOH is trifluoroacetic acid. 
Spectrum, Sample 
:Qage (Solvent Remarks 
1, p. 74 CA (DMSO) Range: 0-1080 cps 
vlidth: 1080 Hz 
2, p. 75 CA (CDC13) Range: 0-1080 cps Width: 1080 Hz 
3, p. 76 Hydro (DMSO) Range: 0-1080 cps 
vlidth: 1080 Hz; plus 
140 cps offset, 270 
Hz sweep width. 
4, p. 77 Hydro (CDC13) Range: 0-1080 cps Width: 1080 Hz 
5, p. 78 Hydro (CF3COOH) . Frequency: 60 Hz Range: 0-1000 cps 
Width: 500 Hz 
6, p. 79 d,l (DMSO) Range: 0-1080 cps 
Width: 1080 Hz 
7, p. 80 d,l (DMSO) Range: 600-870 cps 
Width: 270 Hz 
8, p. 81 d,l (DMSO) Range: 200-470 cps 
Width: 270 Hz 
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Spectrum, 
pag..::..e __ 
9' p. 82 
10, p. 83 
11, p. 84-
12' p. 85 
13, p. 86 
14-, p. 87 
15, p. 88 
16, p. 89 
17, p. 90 
18, p. 91 
19, p. 92 
20, p. 93 
Sample . 
(Solvent) 
d, 1 (DMSO) 
d,l-dimethyl ester 
(CDC13 ) 
meso (DMSO) 
meso (CF3COOH) 
meso-dimethyl ester (CDC13) . 
AM #1: 
(DMSO) 
CA; Hydro 
AM #2: d,l; meso (DMSO) 
AM #2: 
(DMSO) d,l; meso 
AM #2: 
(DMSO) d,1; meso 
AM #3: (DMSO) d,1; meso; hydro 
AM #3: (DMSO) d,1; meso; hydro 
AM #3: d,1; meso; hydro 
Remarks 
Frequency: 60 Hz 
Range: 0-1000 cps 
\vidth: 500 Hz 
Shows contamination 
from \vat er, other 
products. 
Frequency: 60 Hz 
Range: 0-1000 cps 
Width: 500 Hz 
Range: 0-1080 cps 
Width: 1080 Hz 
Frequency: 60 Hz 
Range: 0-1000 cps 
Width: 500 Hz 
Frequency: 60 Hz 
Range: 0-1000 cps 
Width: 500 Hz 
Range: 0-1080 cps 
vlidth: 1080 Hz 
See page 27. 
Range: 0-1080 cps 
Width: 1080 Hz 
See page 27. 
Range: 600-870 cps 
Width: 270 Hz 
See page 27. 
Range: 180-4-50 cps 
Width: 270 Hz 
See page 27. 
Range: 0-1080 cps 
Width: 1080 Hz 
See page 28. 
Range: 600-870 cps 
Width: 270 Hz 
See page 28. 
Range: 180-450 cps 
Width: 270 Hz 
See page 28. 
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Spectrum, Sample 
12age (Solvent) 
21, p. 94- AM #'+: d,l; meso; hydro (DMSO) 
22, p. 95 AM #4: d,l; meso; hydro (DMSO) 
23, p. 96 RXN #1 (page 31) (DMSO) 
24, p. 97 RXN #1 (page 31) (DMSO) 
25, p ~ 98 RXN #1 (page 31) (DMSO) 
26, p. 99 RXN #2 (page 33) (DMSO) 
27, p. 100 RXN #2 (page 33) (DMSO) 
28, p. 101 RXN #3 (page 34) (DMSO) 
29, p. 102 RXN #3 (page 34) 
(DMSO) 
30, p. 103 RXN #3 (page 34) 
31, p. 104 RXN #4- (page 35) (DMSO) 
Remarks 
Range: 0-1080 cps 
\vidth: 1080 Hz 
See page 28. 
Range: 600-870 cps 
Width: 270 Hz 
See page 28. 
Range: 0-1080 cps 
vlidth: 1080 Hz 
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Normal Concentrations. 
Range: 0-1080 cps 
Width: 1080 Hz 
Normal concentra-
tions, 1 drop H2o . added. 
Range: 600-870 cps 
Width: 270 Hz 
Normal concentrations. 
Range: 0-1080 cps 
Width: 1080 Hz 
4 x Normal concentra-
tions. 
Range: 500-770 cps 
Width: 270 Hz 
4 x Normal concentra-
tions. 
Range: 0-1080 cps 
Width: 1080 Hz 
1/4- x Normal concen-
trations. 
Range: 600-870 cps 
Width: 270 Hz 
1/4 X Normal concen-
trations. 
Range: 0-1080 cps 
Width: 1080 Hz 
1/4 x Normal concen-
trations, 1 drop H20 added. · 
Range: 0-1080 cps 
Width: 1080 Hz 
CA added before Li. 
Spectrum, Sample 
page _(pol vent]. ______ _ 
32, p. 105 RXN #4 (page 35) 
(DMSO) 
33, p. 106 RXN #5 (page 37) 
(DMSO) 
34, p. 107 RXN #5 (page 37) 
(DMSO) 
35, p. 108 RXN #5 (page 37) 
(DMSO) 
36, p. 109 RXN #5 (page 37) 
. (DMSO) 
Remarks 
Range: 600-870 cps 
\t.Jidth: 270 Hz 
CA added before Li. 
Range: 0-1080 cps 
Width: 1080 Hz 
2 eq. Li/eqo CA 
(first analysis). 
Range: 600-870 cps 
Width: 270 Hz 
2 eq. Li/eq. CA 
(first analysis). 
Range: 0-1080 cps 
Width: 1080 Hz 
2 eq. Li/eq. CA 
(second analysis). 
Range: 600-870 cps 
\'/idth: 270 Hz 
2 eq. Li/eq. CA 
(second analysis). 
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Spectrum 3: Hydrocinnamic Acid (DMSO), 100Hz. 
73 
" 
. .. ·: i i 
·: :~=: ~ c~: ~ = ~--
;:: . . 
:-;· 1 -:---···· :-· 
-~-~--~-!...c :--·.?--•=·---,--7-----,-
:...~ . _ _:_:.. ___ ;
.... L .:. ... : ~ : 
. .l .. !. - . • ...•. 
' : 
l;"~' -'" -'"r' "_.,_, " ___ L __ :_ - --··-'---- ------~ __ ~-J __ . ·-· . 
I : ' : ' ~ : I : : I ' . . I ' " . ; I : -;!· : I ;· : -: l i I ' ., : : . I i 1· I ! . 
I . .. : ... , . . I .. ,. . . . I I : . I I'!:. . I ··. ! I ··-· i. ·1 · : ··· ;·. '·' .. ! 
-----.. - -···-·. -·- :--:>·-· .·------------ - - ·---- -- ___ ...____ __........_ ____ - --
1 
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~Spectrum 5 :i 
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Spectrum 6: d,l-3,4-diphenyladipic Acid (DNSO), 100Hz. 
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~Spectrum 9:· 
d?l-3,4-
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Spe ctrum 10: 
d,l-3,4-
di phenyladi pic 
Acid, dimethyl 
este r (CDC13), 60 Hz. 
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APPENDIX B 
Sample Calculations of NMR f3pectra. 
I. Third Artificial Mixture. (See page 28). Based on 
Spectrum ~' APPENDIX A. 
A. Neasurements of int egration curve (abbreviations 
used are those identified on pages 25-27. 
1. Observation of spectra indicates that the 
integration curve lags behind the spectrum 
curve by 3 units (0.12 ppm). 
2. Total aromatic region (Ar): The integration 
curve is measured from 6.70 to 7.27 ppm. 
A:r = 196 units 
3. Peak for hydrocinnamic acid (H): The integra-
tion curve is measured from 7.00 to 7.08 
ppm. 
H = 63 units 
4. Peak for meso-3,4-diphenyladipic acid (M): 
The integration curve is measured from 7.09 
to 7.27 ppm. 
M = 68 units 
5. Group representing 39% of racemate (R): The 
integration curve is measured from 6.70 to 
6.87 ppm. 
R = 23~5 units 
107 
108 
B. Calculations of Percentages. 
1. Since no ring reduction products are included, 
Equations 3-5 may be used to calculate per-
centages directly by multiplying the right 
side . of each equation by 100%. 
2. Since no cinnamic acid is present, 
(Ar - C) == Ar = 196 units. 
3. By Equation 3, 
4. By Equation 4, 
5. By Equation 5, 
% Hydrocinnamic acid 
== H X 100% Ar 
= _§2 X 100% 
196 
= 32.1% 
% meso-3,4-diphenyladipic 
acid = 
= 
I'1 X 10096 
Ar 
68 X 100% 
196 
= 34.?% 
% d,l-3,4-diphenyladipic 
acid = R X 100% 
Ar X 0.39 
= 2':3.5 X 100% 
1CJ6 X 0.39 
.== 30.8% 
II. Reaction Mixture: 4 x Normal Concentrations (see page 
33). Based on Spectra 26 and gz, APPENDIX A. 
A. Measurements of integration curve (abbreviations 
used are those identified on pages 25-2?). 
1. Observation of spectra indicates that the 
109 
integration curve lages behind the spectrum 
curve by 3 units (0.12 ppm). 
2. Total aromatic region (Ar): The integration 
curve is measured from 6. 6LJ. to 7.13 ppm. 
Ar = 107 .. 5 units 
3. Peru( for hydrocinnamic acid (H): The inte-
gration curve is measured from 6 .. 95 to 
7.01 ppm. 
H == 24.5 units 
4. Peak for meso-3,4-diphenyladipic acid (M): 
The integration curve is measured from 7.01 
to 7.13 ppm. 
M = 31.5 units 
5. Group representing 39% of racemate (R): The 
integration curve is measured from 6.64- to 
6.79 ppm. 
R = 18.5 units 
· 6. Total integration curve rise through vinyl 
hydrogen region for ring reduction products 
(V): The integration curve is measured from 
5.07 to 5.55 ppm. 
V = 75 units 
B. Calculation of Percent Ring Reduction. 
By Equation 6, page 30, 
% Ring Reduction = X 100% (7) 
--r-c Ar:---_--:c::;-.):--+~5=v";--
3 
but, since no absorption characteristic of the 
vinyl hydrogens of cinnamic acid appears in the 
spectrum, C = 0, and, inserting the values :for 
Ar and V shovm on page 109, Equation (7) becomes 
% Ring Reduction = 
107/.5 
5(75) 
3 X 100% ,~-+~~5 (,...~2.2=-· -.;--) -
3 
= 125 X 100% 
107.5 + 125 
= 125 X 100% 
232.5 
(8) 
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C. Calculation of Percent of Fully Aromatic Products. 
By difference from 100%, 
% Fully aromatic products ·- 100.0% - 53.7% 
= 46.3% 
D. Calculations of Fractions of Fully Aromatic Products 
by Species. 
1. Fraction of Hydrocinnamic Acid. By Equation 
3, Fraction of Hydrocinnamic Acid 
= H = Ar 
2L~. 5 
107.5 
= 0.229 
2. Fraction of meso-3, 4-diphenyladipic acid •. 
By Equation 4, Fraction of meso hydro-dimer 
= M = 31.5 = 0.294 
---xr 107.5 
3. Fraction of d,l-3,4-diphenyladipic acid. 
By Equation 5, Fraction of racemic hydro-dimer 
= R = -A--=-r~x~0:-.-=3=9- 18.5 
= 0.434 
E.. Calculations of Percent Composition of Fully 
Aromatic Products. Each individ.ual percentage 
may be calculated by multiplying the fractions 
found in part D, above, by the 46.3% of the 
total product which is fully aromatic. 
1. % hydrpcinnamic acid == 0.229 x L~6.3% 
::: 10.6% 
2. % meso-3 ,LJ--diphenyladipic acid 
= 0.29L~ X 46.3% 
= 13.6% 
3. % d,l-3,4-diphenyladipic acid 
::: 0.434 X 46.3% 
= 21.0% 
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